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ABSTRACT 
Studies have been conducted involving the fabrication and proper- 
t ies  of hot-pres sed polyc rystalline magnesium oxide containing anion 
impurit ies.  The impurit ies planned for  use  were  sulfur, fluorine, cblo rine, 
hydroxyl and deuterated hydroxyl. Considerable difficulty was el?courAte red 
in preparing specimens doped with deuterium because of exchange wixh 
hydrogen. Attempts to date have been unsuccessful and results for s?:c7cl 
specimens a r e  not included. Proper ty  studies include fabrication, grain 
growth, microhardnes s and diffusion. Results involving fabric ation o i' 
MgO in the presence of anions indicate that sulfur and chlorine are  vel-y 
detr imental  to the densification process ,  apparently by formation of 
volatile gas products. Fluorine and hydroxyl have slightly detrimental 
effects, although not as severe  as the sulfur and chlorine. 
Grain growth studies indicate these anion impurit ies,  in general ,  
do not inhibit grain growth, in fact, specimens containing porosity exFL-bSited 
grain growth rates  comparable to those found with pore- f ree  undoped m.ater.ia7 
Many phases of the work, including microhardness  and chemical anal; szs, 
suggest that the solubility of chlorine and sulfur in  MgO i s  extremely low, 
while fluorine and hydroxyl may  remain in the specimens during exposvre 
to high temperatures  at  m o r e  substantial levels. 
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INTRODUCTION 
The purpose, scope and justification for these studies of anion 
impurit ies in ceramic  mater ia l s  i s  extensively discussed in the first 
annual summary  report  (Ref. 1). Very briefly, the work encompasses 
the fabrication of anion doped magnesium oxide by hot pressing (which 
includes the effect of anions on the fabrication), grain growth, grain 
boundary diffusion and microhardnes s . Chemical analysis of such 
anions i s  included, however, extensive development of analytical pro - 
cedures  i s  not. As in a l l  p r ior  reports the results a r e  subdivided into 
subsections, each concentrating on a single phase of the progrann. 
The fur ther  understanding of the importance of anions in me- 
chanical behavior of ceramics  should include actual strength testi.ng. 
Such work does fo rm a l a t e r  par t  of this program and i s  now being 
initiated. A new subsection to include such studies i s  introduced in 
this report .  
SECTION 1 
FABRICATION 
The studies of fabrication in this research  fulfill two needs: 
1 )  to make available suitable specimens containing anion impurities, 
and 2 )  determination of the effect of these impurit ies on the fabrication, 
The mater ia l s ,  methods and equipment used a r e  al l  discussed in 
p r io r  reports  (Ref. 1). 
17can The major  process  variable studied in the fabrication of the al,, 
doped ma te r i a l  has been temperature.  Hot pressing p res su re  has been 
held at 13, 000 psi and specimens have been held at maximum temperature 
and p res su re  until no fur ther  movement of the p res s  r a m  was detectable 
in five minutes (less than 0. 0005 inches).  Specimen s ize  for these studres 
has  been 314" diameter  by approximately 318" thick. A curve of the  d a t a  
for  each anion and the undoped MgO i s  shown in Figs .  1-5 and a s u r n x a  ry 
plot in Fig. 6 .  The lines shown a r e  leas t  square  l inear  fits and a r e  pre- 
sented for  convenience and not to propose a l inear  relationship. AltEor;;gF 
originally five anions were  planned for  study, attempts to fabricate M g 9  
w L ~ i c h  i s doped with OD have been unsuccessful and data for  it a r e  not. 
included. This i s  discussed m o r e  thoroughly under Section 5, Cbernic22 
Analys i s .  
The most  general feature exhibited by the curves in Fig. 6 i s  -e- 
duction of density accompanying introduction of any anion impuri t i~es.  TLe 
o r d e r  of decreasing effect on reduction of density i s  C1 - S < F < OH < :In- 
doped and dehydrated. Since the undoped mater ia l  i s  known to coi~taln O M  
in amounts of the o rde r  of 1 at(%, difference between i t  and OH doped =ay be 
considered an indication of the effect of variations in amount. The deb\.- 
drated mater ia l  i s  c loser  to a "pure" standard, but s t i l l  certainly contains 
some volatile species .  It was prepared by either vacuum calcining at 
300" C and . 1 t o r r  and by d r y  box handling o r  washed with absolute ethy, 
alcohol just pr ior  to  pressing. 
The process by which these volatile impurit ies interfere  wit" 
densification,as well  as their  exact location in  the MgO latt ice,is,  o-' 
course,  of considerable interest .  If the impurit ies a r e  in solut-on 
within the latt ice,  the question a r i se s  whether they would prefer -  
entially segregate at the grain boundaries o r  remain uniformly dis - 
tributed throughout the crystal l i tes .  In the la t te r  case  one would 
expect the i r  effect on densification to be small .  If the impurit1.e~ a1-e 
not capable of solution within the MgO lattice, they would normally 
be expected to exist  as precipitates.  However, because of the v o l a t ~ l e  
nature of the impurit ies,  e i ther  in the elemental state o r  in the f01-cq 
of compounds of magnesium, the possibility existsfor entrapped gas 
phase within the micros t ruc ture .  Ei ther  precipitates o r  gases would" 
resul t  in retardation of the densification processes  and lower observed 
densit ies.  These various possibilities may  be considered in light a*' the  
known physical character is t ics  of the anion impurit ies to ascer tain 
which one has the greatest  likelihood of controlling. 
Table 1 shows the vapor p res su res  and ion s izes  of the species 
of concern he re .  I f  one assumes that the anion impurit ies a r e  not held! 
within solution in the MgO lattice, then one would expect that the efi'ect 
on densification of each of these anions would rank with the appropriate 
vapor p res su res .  That i s ,  OH > C1 > S - > F for  the compounds and 
F >Cl > OH > S for  the elements.  Since neither of these i s  corls~stent 
with the f i r s t  observed behavior (S - Cl > F > OH), one conclucies tlras 
the vapor p res su re  of the volatile species i s  not the only factor of 
concern. 
One may next consider the solubility of each of these areion 
impurit ies in the MgO latt ice.  Detailed studies of the solubility Ilrrits 
of these species in MgO have not been found. Phase diagrams,  whe-i 
available, do not show solubility l imits and in many cases  a r e  not 
available. Consequently, cons ide ration of the anion s ize i n  sul-astitutlon 
f o r  oxygen in MgO suggesb that fluorine and hydroxyl would show 
reasonable solubility while chlorine and sulfur would not. Such a con- 
clusion i s  based on the assumption that the bond configuration does l e t  
change with such substitution,which would appear to be reasonable 1.11 a 
highly ionic mater ia l  like MgO. It also assumes  that charge balznc a 
may be maintained by association of anion impuri t ies  with catj~on in- 
purit ies o r  with magnesium defects. Other workers  have shown such  
behavior(Ref.2). Using the simple ionic s ize  model for the solubility 
of these impurit ies with MgO the rank of effect on densificatian would 
be S - N C1 > F - > OH. This rank is  quite close to the one actually 
observed, the only consistency being that fluorine impurit ies are 
m o r e  deterimental than hydroxyl, ra ther  thar: approxiniately equal.  
If the fluorine and hydroxyl a r e  both indeed in solution, a diffe re r i ce  1.13 
the i r  location within the latt ice (grain boundaryversus the in te r ior )  
may account f o r  the observed difference in behavior. 
On the basis of this analysis, one does conclude that c h i o r i c e  
and sulfur  a r e  not held in solution in magnesium oxide but a r e  rejected 
to fo rm either precipitate particles o r  entrapped gas. The levels 2E 
these impurit ies which a r e  maintained af ter  hot pressing a r e  con- 
sistent with this conclusion (see  Section 5 ). However, i t  wo~sld be 
fur ther  desirable  t o  know whether the rejected anion species Eorm 
second phase part ic les  within the MgO which inhibit sintering o r  wre the r  
they exist as in entrapped gas creating high p res su re  pores .  -Co d a t e  
this point has been unresolved. Optical examination does not r eve~11  
second phase particles,  however, in the presence of substant] a1 po osl ty  
sma l l  amounts could easily be undetected. Work i s  planned to  extend 
the resolution by using the scanning electron microscope, but to date 
has not been completed. 
SECTION 2 
GRAIN GROWTH 
Fur the r  study on the effect of different anions on grain growth 
- - 
kinetics of MgO has been done. The effect of C1, F and S-" has  b e e n  
studied at 1300°C and 1500°C while OH- was studied a t  1500°C only. 
The reheat  t imes  var ied f r o m  1 hour  to  about 200 hours .  The reheat 
was done in a platinum resis tance furnace with a tempe :-ature control  (;I" 
4- 2 0 ° C  and with an a i r  a tmosphere .  
- 
The preparat ion of samples  for grain s ize  measurements  
s t ra ight-forward.  They w e r e  cold mounted and polished on diamond 
through a 6p wheel. F o r  a f iner  polish a l p A l z  0, cloth wheel w a s  user? and 
for  a good grain definition, a final 0. 3uA120, polish was used.  G r a i n  
boundaries were  etched in  a solution of two pa r t s  857'0 HH,PO, and one pa r t  
70% HSO, at  room tempera ture .  The t ime  for  etching depended on the 
average grain  d iameter  expected, which was direct ly  related to the reheat 
t ime.  A 2-minute etch gave good resul ts  for  reheat t imes  of about 10 h c t ~ r s ,  
while a t ime  of 5 minutes was needed for  100 hcur  reheats .  The average 
gi.air, s izes  were  determined by the l inear  intercept method. Th i?  met iod 
i s  descr ibed in  some detai l  (Ref. 1 )  in the e a r l i e r  repor t .  
Table 2 gives a l is t  of the a s -p re s sed  densit ies and the dopant c o n -  
centration in the different samples  and the grain growth data a r e  elver? 
individually and in summary  in F igs .  7-12. The grain growth data thus 'ar 
obtained a r e  s t i l l  under study and no complete conc1usions can be m a d e  kt 
this t ime .  However, on comparing our  resul ts  with that of other  1nvesS~-  
gators i t  i s  c l ea r  that  anion impuri t ies  do not inhibit grain growth. ( S e e  
Figs .  11 and 12. ) At 1300 "C the grain  s izes  for  doped MgO in  this worh  
a r e  definitely l a r g e r  than that  for  undoped MgO, both in  the worli o X p r l y g s  
(Ref. 3)  and Gordon (Ref, 4) .  This i s  in spi te  of the fact  that these sa=ples 
contained as much as  47'0 porosity while Spriggs,  et  al. worked with pore -  
f r ee  t ransparen t  MgO and Gordon, e t  a l .  reporte  1 porosity f rom Cl. 1 to 
0.470. At 1500 " C  this work also showed a l a r g e r  grain s i ze  than Go rdon e t a: 
5 
and was  comparab le  to that of Spriggs.  Danie ls ,  e t  a l .  (Ref. 5 ) ,  v ~ o r k r r g  
with undoped MgO of about the s a m e  porosi ty  a s  in this  work ,  repor ted 
considerable  s m a l l e r  g ra in  s i z e s .  
Observat ions  of the data  for  each  dopant a r e  not nece s sa r i l y  
complete  but a r e  summar i zed  below. In Fig.  9 ( su l fu r  dopant) ,  at ~ ~ o o ' c ,  
a l l  t h r e e  s amp le s  gave a  slope c lose  to one- thi rd  for  log D vs log 1 cup.tre 
verifying that a  cubic g r a in  growth law is  obeyed,  namely:  
D3 - D3 = K t  whe re  K - r a t e  constant .  
t  0 
'This i s  in accordance  with that obtained by Danie ls ,  e t  a l .  (Ref. 5 )  for  
porous MgO. The a s  - p r e s s e d  sample  had a  porosi ty  of about 4'70. ?he 
r e a son  for  the di f ference in level  of the curve  fo r  sample  96  compared  o 
samples  30 o r  33 a t  1 5 0 0 ~ ~  i s  not c l e a r  a t  this  point but m a y  perhaps  be 
t r a c e d  to the different  amounts  of sulphur  dopant added.  At 1 3 0 0 ' ~  
sample  9 6  showed a  slope c lose  to  one-half ,  which i s  for  squa re  g r a m  
growth kinetics a s  predic ted by Spriggs (Ref. 3 )  fo r  t r an spa ren t ,  dense 
MgO, r a t h e r  than the lower  one- thi rd  s een  in the o ther  cu rve s .  Thls 5 
a s  yet unexplained. 
Gra in  growth in chlor ine  doped MgO a t  1 5 0 0 ~ ~  (See Fig.  8) showed 
a  rapid  decay  in the r a t e  of growth a f t e r  10 hours .  This sample  has a s  
much  a s  570 porosi ty  and a t  1 5 0 0 ~ ~  the po re s  w e r e  t rapped within t h e  g r a i n s ,  
F o r  1 3 0 0 " ~  the po re s  w e r e  observed  p r ima r i l y  along g r a in  boundaries and 
a t  g ra in  boundary ~ n t e r s e c t i o n s .  T7 he po re s  appeared  to coa lesce  a s  rcheal  
p rog re s sed .  The growth r a t e  was  m o r e  rapid  with a  slope of 2 / 5 .  -41 
1 3 0 0 ~ ~  the growth r a t e  was  m o r e  rapid  than that  for  porous  MgO but nc as 
high a s  t r an spa ren t  MgO. 
The f luorlne s amp le s  (See Fig.  7) showed a  cubic growth 1av.r 00th 
a t  1500°c and 1 3 0 0 ~ ~ .  The g r a in  s l z e s  for  a  1-hour rehea t  time can ne 
compared  wlth that  obtained by Rice (Ref. 6 )  fo r  a  2 wt70 L i F  addition This 
a s - p r e s s e d  sample  contained 0. 9 a t %  F while our  typical  ana lys l s  gave 2 
value of 0. 52 at70 F. At 1 3 0 0 ~ ~  this  work gave a  value of 1 6 u f o r  I h o u r ,  
which was close to that of Rice (Ref. 6) .  At  1500°C for  the same  time o u r  
work gave a grain s i ze  of 30pcompared to a value of 40p obtained by %-ce 
The specimen (sample 74) initially doped with 3 at  Ojo OD did pol: 
show any retained OD af ter  analysis but had 2. 2 at 70 OH after h ~ t  pressing.  
The grain growth kinetics (See Fig. 10) showed again a cubic law at 1500°C 
and,because the chemical analysis shows OH, this specimen must  Se con- 
s idered as OH doped. 
The analysis and comparison of these data  a r e  continuing and 'urtner 
chemical analyses a r e  being conducted on the reheated specimens t o  tie- 
te rmine  final anion concentration. 
SECTION 3 
DIFFUSION 
The study of grain boundary diffusion of cations in the presence 
of anion doped mater ia l  was planned to employ analysis of the cation 
distribution by means of neutron activation analysis. As specific 
samples  were  being prepared,  i t  became apparent that difficulty in 
producing la rge  samples  of anion doped mater ia l  would preclude the 
availability of sufficiently la rge  samples for  this technique. Subs e- 
quently, consideration was given to the technique of Zaplatynsk y(Ref .  7) 
which uses  color changes in  MgO resulting f rom cobalt o r  nickel. 
However, i t  was found that this technique was not suitable when appl:ed 
to  polycrystal  samples;  f i rs t ly ,  because of the difficulty in  obtaining 
specimens in which the grain boundaries were  essentially perpelidic-irhar 
to the specimen surface,and secolidly, color changes were  not sharp 
Subsequently, arrangements  have been made to use an etectrcn 
beam microprobe. It i s  planned to produce specimens having u n l f o r ~  9
concentrations of nickel (obtained by means of a very fine grain s ize  j for 
standards to be used to determine minimum detection l imits at  v a r i o ~ s  
probe settings. These settings will then be used to  determine the spacial 
distribution of nickel at these various levels after diffusion anneals. 
Some samples have been prepared but no analysis results have been o b t a ~ n e e ,  
SECTION 4 
MICROHARDNESS 
As has  been stated previously, microhardness  indentation was  
selected as  a pre l iminary  method of studying mechanical  behavior be- 
cause  a number of different effects may be evaluated on s m a l l  samples .  
The effects which can be considered a re :  1)  indent s ize ,  2 )  indent dis- 
location wing length, and 3)  f rac ture  direct ion at  higher indent l o a d .  Use 
i s  being made of the f i r s t  two effects in this research .  The third has 
been excluded because i t  requi res  independent determination of the 
crystallographic directions in  the  polycrystals,  a tedious though p l a - ~ s r  - 
ble study. Studies may also be made in which the crysta l l i te  s ize  is 
s m a l l  compared to the indent s i ze  and in which the indent s ize  i s  small 
compared to the crysta l l i te  s ize .  
Experiments  have been conducted to define the experimental  
conditions, indent load and spacing. F igure  13 shows the data  obtaineci. 
These resul ts  give the expected squa re  root dependence of indent size on 
indent load. The apparent i nc rease  in hardness  as a resul t  of reductlor 
of indent spacing suggests indent interaction.  Additional studies i i~c lud ing  
variations in surface condition a r e  shown i n  F igure  14 and reveal the 
sensit ivity of indent response.  
F i r s t ,  sur face  hardness  i s  cr i t ical ly  dependent upon the l-nearrs 
of preparation.  Cleaved sur faces ,  fo r  example, a r e  considerably softe; 
than those which have been mechanically polished; however, other woi - i e r s  
(Ref. 8 )  have shown that these cleaved sur faces  a r e  not dislocation-free.  
However, the process  of mechanical  polishing produces considerable w o r k  
and resul ts  in  substantial  fu r ther  hardening. In addition, the extent of this 
hardening i s  not reproducible (compare polished and repeat in  F i g u r e  41, 
Studies a r e  being conducted to  ascer ta in  whether reproducible results ~r,ay 
be obtained by m o r e  prec ise  control  of the polishing procedure.  
Secondly, the indents themselves introduce a zone of ha rdnes s 
surrounding the indent. Here  the resul ts  suggest that approximately 75 to 
100 microns between indents a r e  necessary  to  reduce the interaction 
hardening to an amount l e s s  than that in the as-received crystal .  F i g ~ r e  13 
suggests this zone to be independent of the applied load, a somewhat s:lr- 
prising conclusion since higher loads would be expected to produce l a r g e r  
zones of plastic deformation. 
Thirdly, indentations in surfaces which had been cleaved wnder 
and indented under dry  toluene exhibit increased indent s ize but not  wing 
size.  The increased hardness  as evidenced by the indent s ize i s  cons:stent 
with the work of Westbrook(Ref. 9) .  However, the unchanged length 01 dis -  
location wings i s  unexplained. Westwood(Ref. 10) reports  that t ime depend- 
ent glide of dislocation wings increases  with the polarity of the solvent, an? 
consequently wing s ize  of indents made under ambient moisture  T N ~ U Z ~  3e
expected to be l a rge r  f o r  two reasons,  grea ter  indent s ize plus additional.  
glide. An additional effect with measurements  under d ry  toluene i s  redi  ced 
data sca t te r .  Consequently, additional work h e r e  i s  being made wnder tl9ei.e 
conditions. The purpose h e r e  i s  to reduce sca t te r  and not to specificai;y 
study atmospheric effects on dislocation glide. 
It may also be seen in Figure 14 that the hardening introducecl 
through the mechanical process  may be reduced by annealing of t h e  c rys t ah .  
In the microhardness  studies of specimens prepared by mechanical p c ~ s h -  
ing, annealing to permi t  recovery of the crystals  and subsequent mic ra- 
hardness study under toluene should provide better precision and sensr t~vi ty  
I t  should be noted that minimum recovery conditions a r e  necessary to ?revent 
deterioration of the c rys ta l  surface during recovery and to prevent loss  of 
the anion impurit ies due to diffusion. Consequently, m o r e  precise  data on 
recovery would ass i s t  selection. Such work i s  underway. 
In spite of these expected revisions of the procedure for  ob ta rn~ng  
grain boundary microhardness  on the polycrystals, some data have been 
obtained by means of conventional polishing and measurements  in a n ,  
The details of the specimens a r e  given in Table 3 and the hardness  data 
across  selected boundaries in Figs .  15, 16, 17 and 18. In these specr- 
mens the r e  i s  no alignment of indenture with par t icular  c rys tallograpElc 
orientation. Consequently, only changes as  the boundary i s  approached 
a r e  considered significant, and variation f rom crys ta l  to crystal ,  specimen 
to specimen and scan to scan a r e  not relevant because of possible varraklons 
in c rys ta l  orientation, local work hardening and bulk crys ta l  cornposlf: on. 
These la rge  grain specimens, where the indent s ize  i s  consiaeratsly 
sma l l e r  than the grain s ize,  again suggest the behavior of sulfur and chior rde  
to be s imi lar .  No evidence of any grain boundary hardening was notec in 
Figs.  1 6  and 17. The data simply represent  a sca t te r  about an average 
value. I t  i s  hoped that this sca t te r  will be reduced when the new techr~iques 
a r e  employed. With the fluorine doped specimen some hardening at "tile 
boundary was noted and i t  i s  proposed that the ability of fluorine t o  suSsti- 
tut e f o r  oxygen on a s ize  basis in magnesium oxide may cause some s s l l d  
solution hardening. 
Microhardness studies of fine grain specimens in which the :r&ent 
s i ze  i s  l a rge r  than individual crystall i tes have been conducted and res  iits 
a r e  reported in Table 4. The data h e r e  represent  only indent s ize,  as 
dislocation wing length s izes  a r e  not determinable and would have no 
meaning in these fine grained specimens. Again data suggest a difference 
in behavior f o r  the sulfur  and chlorine doped specimens. In both of these 
mater ia l s  the indents were  badly fractured and, further,  were  l a rge r ,  indi- 
cating a sof ter  mater ial .  The expectation is  that fluorine and OH subs t~ tu tc  
for  oxygen and MgO may contribute to the increased hardness exhib~ted by 
specimens containing these impurit ies.  
SECTION 5 
CHEMICAL ANALYSIS 
The analytical studies of these anion-doped magnesium oxide 
mater ia l s  a r e  needed to provide information concerning the amount sf 
these impurit ies remaining in the specimens during the various process - 
ing s tages.  The analytical proc edures  for  these anions in ceramics are 
s t i l l  subject to some question, especially those for  hydroxyl. The r e s ~ l c s  
for sulfur,  chlorine and fluorine use  available procedures and a r e  repcrtee 
in the f i r s t  annual report  (Ref. 1). The chemical analysis of OH and 02 ln 
a solid oxide such as  MgO has presented substantial difficulties t o  the 
analyst. Previous studies (Ref. 11) resulted in the development of an ;L-ia- 
lytical procedure employing extraction of the OH impurit ies by oxygen at 
500°C and subsequent m a s s  spectrographic analysis. The extraction would 
require  atomic mobility through the solid magnesium oxide grains at 5 0 r  " C 
and thus suggests motion of individual hydrogen ions, since movement clf a 
la rge  hydroxyl ion, even along a chain of cation defects, seems uiqlikel 7 at 
this temperature.  This analytical procedure appears satisfactory for I-ydl-oxyl, 
although complete confirmation has never been obtained because of lack of 
suitable standards.  However, i t  had never  been employed in the snaly srs 
of OD but is being used he re  as the only available technique. 
The typical range of results that have been obtained for these axlion 
impurit ies i s  shown in Table 5. Note that there i s  a substantial loss o C al: 
volatile impurit ies during fabrication and subsequent heat treatment. Tke  
lower values a r e  ob tained with high temperatures  and smal l  specirmer.: 
Although the exact amounts of impurity vary  slightly f rom specirnen tc 
specimen, these results may be considered typical of this work. 
In general, the results for  sulfur and chlorine show large rectuctians 
in concentration when the mechanical mixtures  of powders a r e  prepare2 into 
dense specimen and fur ther  reduced upon reheat. In contrast ,  the £P~cr ine  
and hydroxyl exhibit significant anion levels upon fabrication but 10s e sub- 
subs tantially on reheat. However, i t  should be emphasized that the seduc t i~ r ,  
in  grain  '.oundary a r e a  during reheat i s  approximately two o r d e r s  of rnagnl-  
tude, so  i f  these  impuri t ies  a r e  la rge ly  associated with grain bo~mdar:es ,  
the change in  impuri ty  a tom pe r  unit a r e a  of grain  boundary does not 
dec rease .  
The analytical resul ts  for deuter ium in MgO have been {;he source 
of considerable f rust ra t ion and require  considerable discussion.  
Initially, specimens doped with 3 at% OD (KA75) and 3 at70 051 
(KA74) w e r e  prepared  and pieces subsequently reheated to 900°C and 
1300°C to enhance equil ibrium conditions. The resul ts  of the analysis are 
shown in  Table 6,  and i t  may be seen  that  althougll OD was introduced inte 
KA75 as  the impuri ty  anion, only hydroxyl (in the f o r m  of wate ,-, the ec;ui- 
l ib r ium vapor specie)  was observed. The amount of hydroxyl, althorrqk 
l e s s  than that  p resen t  in  the hydroxyl doped ma te r i a l ,  suggested zhat 
complete exchange between D, 0 and Hz 0 had occur red  during the preps?- 
ration and mixing of the  anion doped powders.  The source  materials xve re 
checked for D, 0 concentrations,  Table 7, and i t  was found that s o m e  
exchange had occur red ,  but that the init ial  deuterated Brucite formed by the 
hydrolysis of MgO with D,O s t i l l  contained substantial  deuter ium.  Su2se- 
quently, another hot p ress ing  (KA87) was prepared ent i re ly  f rom de~x te  rated 
Bruci te .  The mate r i a l  was loaded into the hot p ress ing  die in  a ciry box 
= o r  and was pressed  in  an a 'mosphere  of argon bubbled through D2 C) at 2; 
This  specimen was subsequently analyzed (Table 8) by the extraction m a s s  
technique and again resul ts  showed insignificant deuter ium levels .  A: t h i s  
t ime  the s a m e  specimens were  then reanalyzed using spa rk  sou~.ce  mass 
spectroscopy (no extraction),  and the high ratio of OH to OD in  this m a -  
t e r i a l  was confirmed, although no absolute comparisons a r e  available 
because of a lac]< of s tandards .  The present  conclusion of this exper~rnental 
work i s  that  deuter ium exchanges with hydrogen occurs  ve ry  r a p ~ d i y  in the 
Brucite and that  a l l  sources  of hydroxyl mus t  be eliminated.  In the fabri- 
cation procedure used fo r  KA87, the only possible source  of hydroxy! i s  the 
re f rac tory  ma te r i a l  within the hot p ress ing  furnace.  Some additional 
at tempts a r e  being considered to prevent this exchange. However, to 
date no specimens have been prepared in  which chemical analysis has 
revealed significant OD and, consequently, no studies of other p r o p e r ~ i e s  
can be reported for OD doped ma te r i a l .  
SECTION 6 
F R A C T U R E  STUDIES 
These studies of the behavior of anions in a ceramic  ma te r i a l  
were  designed to a s s i s t  in the evaluation of e'fects on both the geneVal 
proper t ies  and, specifically, the mechanical  behavior of ceramics  . 
The phase of the work directed toward actual f rac ture  studies i s  ~ i o w  
beginning and experimental  conditions, ma te r i a l s ,  etc , a r e  being de- 
fined. Although i t  would be desirable  to  make  studies entirely ernplo-y~ng 
the anion-doped mater ia l s  produced he re ,  difficulty in  determinir  g the 
exact location of these anions (solid solution, second phase solid, en-  
trapped gas) suggests the u se  of the ma te r i a l  in which the mic ros t ruc t t~ r - e  
can be m o r e  well  defined. One such sys t em which i s  closely akrn t o  l ' x  e 
mater ia l s  studied h e r e  i s  iron-doped magilesium oxide. The m i c i - o s t r ~ c t u  - e  
of the ma te r i a l  may  be controlled by controlling the oxidation of the i 7 - 0 2  acc: 
the t ime during which the precipitates a r e  permitted to grow. Such p a -  
t e r i a l s  have been quite well  defined by other  workers  and would anpeal- ts 
be useful  h e r e .  Consequently, some prel iminary studies a r e  being m z d e  
involving the hot p ress ing  of iron-doped magnesium oxide and i t  is ant-ici- 
pated that these mater ia l s  will be used in  conjunction with anion-doped 
specimens during the f r ac tu re  work.  
SECTION 7 
SUMMARY 
The purpose h e r e  i s  to consider the resul ts  obtained thrcaugho~t 
the var ious  sections of this r e sea rch  to ascer ta in  the general  corclus  oris 
that one m a y  draw.  The foremost  conclusion would be the quite l i m ~ t e d  
solubility of chlorine and sulfur  in magnesium oxide. This lack of so!c- 
bility i s  supported by numerous fac tors .  F i r s t l y ,  c h e ~ n i c a l  analvsrs 
reveals the fa i lure  to retain these impuri t ies  during fabrication an? 
secondly, their  se r ious  interference with the densification during hot 
p ress ing .  This fur ther  suggests that  the impuri t ies  a r e  rejected as 
volatile gases ,  although solid precipitates cannot be unequisrocaliy ru led  
out a t  this t ime .  Fu r the r ,  in  the mic  rohardness  work,  fine grained exxdes 
containing these impuri t ies  exhibit grains which a r e  easi ly  brokerl O U L  by 
a microhardness  indenture.  This again could be the result  of s ~ n a l l  :ores 
containing a trapped gas phase.  Finally, the scans of hardness  zeros .i 
grain boundaries show no effect of these impuri t ies ,  probably resuit711 g
f rom their  low concentrations and the i r  residence in pores  which wouLd 
have l i t t le influence on individual grain boundary mechanical  b e l l a ~ i o ;  
These s ta tements  may  be a lmost  completely reversed  rn the case  
of f luorine and to some  extent for  hydroxyl. Levels of these anions e ' ter 
reheating remain moderately  la rge  (approximately 1 -2  atyo) Fu r "ce  - the 
effect on fabrication i s  much l e s s  and grain growth appears  to be elthe? 
unaffected o r  improved. Fu r the r ,  the room tempera ture  mic robavdl c.5 s 
of the fine grained ma te r i a l  i s  l i t t le changed ei ther  quantitatively oi- 
qualitatively; however, indications of grain boundary hardening are O D -  
served ,  suggesting segregation of the soluble fluorine to the grarn 
boundaries.  
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Table 1 
Physical Proper t ies  of Anion Impurit ies 
OH' ( 2.76 - 1 . 4  1 w l ~ '  1 5  
Specie 
'~Data f r o m  Handbook of Physics and Chemistry 
and use  of Duhring" Rule when necessary.  
Diameter 
7 0  difference 
.!, 
" The formation of SOz o r  SO, would result  in a 
high vapor p res su re  and would suggest all 
anions to have comparable deleterious effects. 
Vapor P r e s s u r e  @ 1000°C 
T a b l e  2 
C h a r a c t e r i s t i c s  of S p e c i m e n s  U s e d  i n  G r a i n  
Growth  Studies  
1 955 I v a c u u m  1 3 . 5 0 7  1 0, 325  S 
11100" 1 v a c u u m  1 3 . 4 8 9  1 N, A, 
11170" I v a c u u m  I 3 .422  1 I?$, A,> 
/ 1050 '  A r g o n  1 3 . 4 1 1  I 2 . 2 0%:;: I 
1100"  V a c u u m  
1 1 0 0 '  1 V a c u u m  
N. A. - n c t  a v a i l a b l e  f o r  t h i s  par t icu1a.r  s p e c i m e n ,  
s e e  T a b l e  5 f o r  t y p i c a l  a n a l y s i s .  
3 . 5 2 9  AT* 
I 
3 . 5 1 8  j l,OSS F 
.?. 
" S p e c i m e n  in i t i a l l y  doped w i t h  OD but  n o t  found i n  
t h e  a n a l y s i s .  
Table  3 
Anion Doped MgO P o l y c r y s t a l s  Used F o r  
G r a i n  Boundary Hardening Studies 
6 5 I 0.93 a t  % F I 120 h r .  @ 1500°C 1 3.37 
74 1 2.2 at  70 OH2 1 75 hr. @ 1450°C I 3 . 4 l  
1 Typ ica l  ana lys i s  of a s  p r e s s e d  s p e c i m e n  - Reheat  analys is  120t 
avai lable  but typical ly . 0 1 - . 05 a t  O/o. 
2 Specimen in i t ia l ly  doped with OD but not found in anai y s i s  . 
Table 4 
Indentation Size for  Hot P res sed  MgO Containing 
Anion Dopants and Average Grain Size - < ly 
I 1 I 
Specimen # 1 Dopant at$ I Average Indent Size(u)  I 
I I I -- I indents fractured 
Indents badly i1,acturecl 
Table 5 
Concentrations of Anions (at%) inHot-Pres sed MgO 
.O1 - .05 
. 0 2  - ,05 
1 . 7  - 2 . 3  1 - 1 . 5  
Not including -0. 5 in as-received powder 
See text, 
Table  6 
Concentrat ion of H,O, WDO, D,O ( P P M  by weight except 
wt 70 a s  noted) i n  MgO af te r  extract ion a s  noted. 
K A  76 MgO t 3 atyo OH 
a s  p r e s s e d  
900°C RH 
l3OO0C RH 
KA 75 MgO 37'0 OD 
as  p r e s s e d  
900°C RH 
1300°C RJ3 




Table  7 
Anion Concentration f r o m  Decomposit ion of Mg(OD, O:K), 
by &lass Spectrographic  Analysis a s  a %"unction of D e -  
composit ion Tempera tu r e  and m / e  Ratio. 
Table  8 
Analysis  of MgO f o r  OH, OD, and HDO 
KA No. 87 a s  P r e s s e d  
ND - not de te rmined  
K- 
5 00' C: with 6 
2 
61 60 
Pressing Temperature O C  
Fig.  1. Density ve r sus  hot p ress ing  t empera tu re  for  
F i s h e r  M-300 MgO doped with F- 
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Press ing Temperature OC 
Fig.  2. Density ve r sus  hot p r e s s ing  t empera tu re  fo r  
F i s h e r  M-300 MgO doped with CI-. 
Pressing Temperature O C  
Fig. 3. Density versus  hot pressing temperature for 
F isher  M-300 MgO doped with S=. 
27 
Pressing Temperature OC 
Fig.  4. Density ve r sus  hot p r e s s ing  t empera tu re  for  
F i s h e r  M-300 MgO doped with OH-. 
1000 1100 
Pressing Temperature O C  
Fig.  5. Density ve r sus  hot, press ing t empera tu re  f o r  
F i s h e r  M-300 MgO a s  received and dehydrated,  
Pressing Temperature O C  
Fig ,  6. Density versus  hot pressing temperature for  
F isher  M-300 MgO with various anions. 
Reheat Time(hours)- 
Fig .  7. Gra in  Growth in  MgO doped with fluorine.  
Reheat Time (hours)-- 
I000 
Fig.  8. Grain Growth in  MgO doped with chlorine. 
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n 96 1300 0.557 
- 
o 96 1500 0.314 
Reheat Time (hours)- 
Fig.  9. Grain Growth i n  MgO doped with sulfur. 
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Reheat T ime (hours) - 
F i g .  10.  Grain Growth in  MgO doped with hydroxyl. 
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Reheat Time (hours)-- 
F i g .  12. G r a i n  Growth i n  MgO at 1500°C. 
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- Temp: 1500' C 
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a 3 3  0.418 
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Fig. 13. Wing s i ze  on cleaved (100) MgO surface as a function of 
indent load. Line represents  theoretically expected result 
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Fig.  14. Indent s i z e  v e r s u s  wing s i ze  a t  30 g r a m  load f o r  Norton 
single c r y s t a l  MgO and var ious  sur face  conditions. 
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Distance From Boundary In y's 
Fig.  15. Microhardnes s indent s ize  and wing spacing scans across 
3 boundaries in anion F doped MgO specimen #65. 
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Fig. 16. Microhardness indent s ize and wing spacing scans acress  
3 boundaries in anion Cl doped MgO specimen #47, 
- - - - - - - .  
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Fig. 17. Microhardness indent size and wing spacing scans across 
3 boundaries in anion S doped MgO specimen # 3 0 e  
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Fig. 18. Microhardness indent size and wing spacing scans a c w s s  
3 boundaries in anion OH doped MgO specimen #74. 
